In this study, the circumferential strain concentrations in cylindrical and square tubes with corrugated surfaces subjected to axial compression are studied using the finite element method. In cylindrical tubes, the yield strength σ y , the hardening coefficient E h of the material and the thickness t of the tube wall exert only a small influence on the strain concentration, so that the maximum circumferential strain can be approximately evaluated as a function of the wavelength 2λ and the amplitude a of the corrugations, and the cylinder radius R. For square tubes, however, the effect of the corner radius r, the thickness t, the yield strength σ y , and the hardening coefficient E h on the strain concentration is comparable to that of the wavelength 2λ and the amplitude a of the corrugations. The maximum circumferential strain increases with a decrease in the corner radius r/D, with a decrease in the thickness t, and with an increase in the ratio σ y /E h .
Introduction
It has become increasingly common in recent years to incorporate structural members made of materials that are corrugated in the axial direction for absorbing shock, in order to improve the shock resistance of structures made of thin-walled tubes (1) ∼ (4) . The insertion of corrugated structural members moderates fluctuations in compressive load during the axial collapse of thin-walled structural members and it is expected to be an effective method for controlling such loads. We have performed finite element method (FEM) studies of the elastoplastic deformation of circular (5) and square (6) corrugated cross-section members and have systematically investigated the influence of corrugation on the shock-absorbing characteristics of such members. Our results have led us to propose shapes for these members that minimize load fluctuations and yield other good energy-absorption properties. It is not uncommon, however, for such structures to fail to attain their expected energy absorptions, because as buckling folds develop during axial collapse, the circumferential strain becomes concentrated at the vertexes of the folds, giving rise to cracking in the vertical (axial) direction (7) , (8) . Thus, it is essential to analyze the concentration of circumferential strain, in order to guarantee the energy-absorbing capacity of the corrugated tubes since the cracking often makes the tubes fail to attain their expected energy absorptions. In this study, the nonlinear finite element method was employed to simulate and analyze the maximum circumferential strain that occurs at the vertexes of the folds in corrugated circular and square tubes during axial compressive loading. The influence exerted by the geometric shape of the corrugations and the material properties on the maximum strain was systematically investigated and an approximate expression was proposed to estimate the maximum
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Analytical method
The commercial FEM analysis package MSC.Marc (9) is used in this study to analyze large elastoplastic deformations of the circular and square corrugated tubes shown in Fig. 1 during axial compression. The tubes were modeled using four-node quadrilateral thickness shell elements (Element type 75). In order to eliminate the influence on the deformation mode described below, the size of the elements were obtained by dividing one wavelength in the axial direction into 8-16 sub lengths, and corresponding distance were employed in the circumferential direction to obtain approximately square elements. The bases of the tubes were completely fixed at a rigid floor, and axial compression was imposed from above by modeling a rigid body moving downward under displacement control. The coefficient of friction between the tubes and the rigid body was set to 0.1. In this study, the initial tube lengths were set to L = 145 mm. The effects of various geometric parameters, such as the wall thickness t, the corrugation wavelength 2λ and amplitude a, the tube radius R for circular tubes, and the side length D and corner radius r for square tubes, on the maximum circumferential strain during axial compression were investigated. The value of r was varied as a/D ≤ r/D ≤ 0.5; r/D = 0.5 defines a circular tube.
The tubing material used in the analysis was assumed to be a homogeneous and isotropic elastoplastic material, and it was assumed to conform to von Mises yield conditions, and to be well approximated by the bilinear hardening law described by the following stress-strain relation:
where σ y is the yield strength, E is Young's modulus, and E h is the work-hardening coefficient. In this study, it was assumed that Poisson's ratio ν = 0.3, E = 70.6 GPa, and σ y = E/1000. The influence of the material properties on the axial collapse of a corrugated cylinder was investigated in terms of E h . The updated Lagrange method was used to formulate the geometric nonlinear behavior, and the Newton-Raphson method was used to solve the nonlinear equations. 
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Vol. 2, No.4, 2008 3. Results of calculation and discussion 3.1. Circumferential strain ε θ during axial compression of circular corrugated tube It is found from the previous study (5) that the deformations of circular corrugated tubes can be classified into two different patterns: in one pattern folds occur along the corrugations in the axial direction and are axially symmetric, called mode corresponding to corrugation here, and in the other pattern the folds does not match the corrugations, called pattern noncorresponding to corrugation here, and that, in order to well control the axial compressive load during the axial compression process, it is necessary to design the geometric dimensions of a circular corrugated tube so that the deformation pattern belongs among the former stated above. Thus in this study, we only consider such corrugated tubes for which the deformations are of the mode corresponding to corrugation. Moreover it is also found from the previous study (5) that the mode corresponding to corrugation can further be classified into "Progressive" and "Simultaneous" modes (hereafter, we refer P-and S-modes, respectively). Figures 2(a) and (b) show the typical relationship between the axial loads P x and axial displacement U x in tubes for which the deformations are of the P-and S-modes, respectively. The vertical sections of the tubes at the deformation timings designated by N k (where k = 1-6) in Fig. 2 are shown in Fig. 3 . As can be seen from Figs. 2 and 3, both of these modes can be divided into two stages, namely, predensification and densification. In the stage before densification commences in the P-mode, folds develop progressively one by one, just as is observed in cylindrical and square tubes that do not have corrugations, and the compressive load P x fluctuates with the fold formations in approximately the same range. Besides, under the S-mode, folds develop simultaneously along the entire length of the tube and collapse together and the axial load P x monotonically increases. Once densification begins, however, the already-formed folds collapse further, so P x increases further in both the P-and the S-mode (see timing N 3 in Fig. 2 (a) and N 6 in Fig.  2(b) ). If vertical cracking is initiated at the vertexes of the folds before densification begins due to the concentration of circumferential strain there, then the expected energy absorption of the tube will be curtailed. Therefore, in this study, the maximum circumferential strain at the fold vertex before the onset of densification is investigated as evaluation parameter of the strain concentration in the circumferential direction. . These strains are measured at the points A, B, C (see Fig. 3(a) ) and D, E, F (see Fig. 3(b) ) on the exterior vertexes of folds during the axial compression process. It is evident from this figure that, although exhibit some scatter, the maximum circumferential strains at the different fold vertexes are almost the same.
Under the P-mode deformation process of axial compression, the folds appear and are crushed one by one as compression proceeds (see Fig. 4(a) ), so the value of the strain ε θ at vertex point B increases until the next corrugation begins to fold, but then reaches its maximum value and remains approximately constant. Meanwhile, the circumferential strains ε θ at vertexes A and C on the second and third folds also increase as those folds develop, but both reach the maximum values approximately equal to the maximum strain at point A, ε θ max . By contrast, during S-mode compression deformation, all the corrugations fold up and collapse simultaneously, as shown in Fig. 4(b) , so the values for ε θ at the vertexes points D, E, F are about the same, increasing together as compression proceeds. When the folds are completely crushed, the strain reaches ε θ max .
Now we see how the maximum strains ε θ max , shown in Figs. 4(a) and (b), vary as a function of the tube geometry and material. Figure 5 shows how ε θ max changes as the corrugation wavelength 2λ is varied, given a hardening coefficient E h /E of 0.01, a yield strength σ y /E of 0.001, a tube diameter R of 25mm, two tube thicknesses t of 1, 3 mm, and two corrugation amplitudes a of 1, 3 mm. As can be seen from the figure, as the wavelength 2λ increases or the amplitude a decreases, the maximum strain ε θ max increases. Also, ε θ max varies with the thickness of the material t, but this dependence is much weaker than that on the wavelength 2λ or the amplitude a. Thus, ε θ max can be approximated by considering it to be a function of the wavelength 2λ, the amplitude a, and the tube radius R, almost independent of t. This approximation is developed below.
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If the radius of fold vertex, the distance measured from a vertex point such as the point A shown in Fig.3 to the center line of the tube, just before the onset of densification is denoted by R out , the maximum strain in the circumferential direction ε θ max is given by the following equation:
The values of (R out − R), corresponding to the numerical analyses shown in Fig. 5 , are plotted in Fig. 6 versus (λ/2) 2 + a 2 on the horizontal axis. It is apparent that (R out − R) is almost
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Substituting Eq. (3) into Eq. (2), we obtain the following approximation function for ε θ max : Figure 7 compares the values for ε θ max by the FEM shown in Fig. 5 with the approximation values obtained from Eq. (4) (solid line in graph). It is seen from Fig.7 that the ε θ max obtained from Eq. (4) 4) gives results that are consistent with those of the FEM for various corrugated circular tubes. Thus, Eq. (4) appears to be valid for predicting the maximum strain that occurs during axially symmetric compression of circular corrugated tubes. Figure 9 shows how ε θ max varies with hardening coefficient E h and yield strength σ y in a circular corrugated tube with R = 25 mm, t = 1.5 mm, 3λ = 22.7 mm and a = 2 mm. The yield strength is given by σ y /E = 0.0001, 0.001 and 0.01. Both parameters exhibit a small influence over ε θ max . 
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Circumferential strain ε s during the compression process of a corrugated square tube
It is found from the previous study on corrugated square tubes (6) that the deformation modes in the compression processes of corrugated square tubes can be classified into those that mimic the shape of corrugation in both the axial and circumferential directions, and those that do not. In this study, in order to investigate the maximum circumferential strain occurring in the axial compression processes of tubes, we address only the former cases. Figure 10 shows contours of circumferential strain ε s for a corrugated square tube under axial compressive load (the lighter the color, the greater the strain). The strain is concentrated in the corrugation of corner, as shown in the figure. Figure 11 shows the distribution of circumferential strain ε s along the corrugation vertex for the corner radius r varied with r/D = 0.08, 0.2 and 0.5 and with the following fixed parameters of E h /E = 0.01, σ y /E = 0.001, D = 50 mm, t = 1.5 mm, 2λ = 2.7 mm and a = 1.5 mm. Here, the 's' refers to the distance of the considered point measured from point along the boundary of the square cross section consisting of the corrugation vertexes, as shown in Fig. 11 . As can be seen, ε s varies with position of the measured point and increases as the point moving from the straight portion to the corner portion of the cross section. The maximum circumferential strain ε s max occurs at the center of the corner of the vertexes, namely at an angle of θ = 45
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• if using a parameter of angle θ defined in Fig.11 . Hereafter, we investigate the maximum circumferential strains ε s max for various corrugated square tubes. Figure 12 shows ε s max as it varies with r/D for three kinds of thickness, t = 1, 2, 3 mm, with E h /E = 0.001, D = 50 mm, 2λ = 27.7 mm, and a = 1.5 mm. It is clear from this figure that ε s max increases with decreasing r/D. This is because that ε s max becomes more concentrated at the corner as r/D decreases, as shown in Fig. 11 . Moreover, in contrast to the circular tube, where ε s max was nearly independent of the thickness of the tube wall (ε s max is approximately the same for all thicknesses when r/D = 0.5 as seen in Fig. 12 ), the maximum strain clearly increases as the tube wall becomes thinner for corrugated square tubes. This can be understood by the increasing concentration of ε s at the corner with low thickness, as shown in Fig. 13 . Figure 13 shows distributions of ε s on the corrugation vertexes for three thicknesses of the corrugated square tubes. Figure 14 shows the variation of ε s max with r/D for two kind of yield strength, σ y /E = 0.001, 0.0005, and various hardening coefficients, given D = 50 mm, t = 1.5 mm, 2λ = 27.7 mm and a = 1.5 mm. The hardening coefficients are set as E h /E = 0.005, 0.01, 0.05 for σ y /E = 0.001 and E h /E = 0.0025, 0.005, 0.025 for σ y /E = 0.005. It is found from Fig. 14 that at r/D = 0.5, i.e., in the case of a corrugated circular tube, ε s is not greatly affected by the hardening coefficient or the yield strength, while at r/D < 0.5 (square tube), the dependences on the hardening coefficient or the yield strength become increasingly prominent. The value of ε s | max increases with decreasing E h /E or increasing σ y /E. Given constant E h /σ y , ε s | max is also approximately constant. Thus, the effect of these parameters on ε s | max can be approximated by combining them as the ratio E h /σ y ; the larger this ratio is, the greater ε s | max is. Figure 15 shows the distribution of ε s along the distance s on the corrugation vertexes for corrugated square tubes having three different E h /E. As this figure shows, the reason why ε s | max varies with the hardening coefficient is that as E h /E decreases, the concentration of strain in the corner portion increases.
Thus, it has been demonstrated that ε s | max in corrugated square tubes is influenced by the yield strength, the hardening coefficient, the wall thickness and other parameters, and unlike in corrugated circular tubes, cannot be predicted solely on the basis of the corrugation wavelength, amplitude and tube size. Here, if we, using the approximate expression given in Eq. (4) to calculate the maximum strain ε θ | max | R=D/2 , which is corresponding to the case when the tube is changed to be circular with its cross section represented by a circle inscribed within the square tube with side length D, and the maximum stain ε θ | max | R=r , which is corresponding to the case when the tube is changed to be circular but with its radius R equal the corner radius r of the square tube, R = r, and plot the values of ε θ | max | R=D/2 and ε θ | max | R=r in Figs. 12 and 14, then it is found from these figures that values of ε s | max for corrugated square tubes with various r/D mainly lie between these two lines of ε θ | max | R=D/2 and ε θ | max | R=r . In other words, the following relationship holds: 
